Abstract Emerging clinical trial data implicate progestins in the development of breast cancer. While the role for the progesterone receptor (PR) in this process remains controversial, it is clear that PR, a steroid-activated nuclear receptor, alters the transcriptional landscape of breast cancer. PR interacts with many different types of proteins, including transcriptional co-activators and co-repressors, transcription factors, nuclear receptors, and proteins that post-translationally modify PR (i.e., kinases and phosphatases). Herein, we identify a novel interaction between PR and O-GlcNAc transferase (OGT), the enzyme that catalyzes the addition of a single Nacetylglucosamine sugar, referred to as O-GlcNAc, to acceptor serines and threonines in target proteins. This interaction between PR and OGT leads to the post-translational modification of PR by O-GlcNAc. Moreover, we show that OGlcNAcylated PR is more transcriptionally active on PRtarget genes, despite the observation that PR messenger RNA and protein levels are decreased when O-GlcNAc levels are high. O-GlcNAcylation in breast cancer is clinically relevant, as we show that O-GlcNAc levels are higher in breast cancer as compared to matched normal tissues, and PRpositive breast cancers have higher levels of OGT. These data predict that under conditions where O-GlcNAc levels are high (breast cancer), PR, through an interaction with the modifying enzyme OGT, will exhibit increased O-GlcNAcylation and potentiated transcriptional activity. Therapeutic strategies aimed at altering cellular O-GlcNAc levels may have profound effects on PR transcriptional activity in breast cancer.
Introduction
Upon diagnosis, nearly 70% of breast cancers express progesterone receptor (PR) and the estrogen receptor (ER). ER action in breast cancer has been well studied and as a result, ER has proven to be an excellent target for current endocrine-based therapies. Controversial clinical trial data have implicated progestins in the development of invasive breast cancer; however, the role of progesterone/PR in breast cancer has been largely understudied [1, 2] . What is clear from the combined years of clinical and laboratory based data is that PR, either alone or through modulation of the ER transcriptome, affects the transcriptional landscape in breast cancer (reviewed in [3] ). Cumulatively, these data suggest that deciphering PR transcriptional activity in breast cancer is of great clinical importance.
PR is significantly post-translationally modified, primarily through phosphorylation [4] . Mitogenic kinases (i.e., cdk2, ck2, MAPK) upregulated in breast cancer modify PR function through phosphorylation [5] [6] [7] [8] . Under normal (noncancerous) conditions, progesterone is required for these phosphorylation events. However, in high kinase activity environments, such as breast cancer, PR becomes inappropriately activated (phosphorylated) in the absence of ligand, driving PR-dependent transcriptional programs. Recently, our lab detailed the mechanism and biological significance of PR phosphorylation on Ser81 by the mitogenic kinase, ck2 [9] , an ideal example of how post-translational modifications can dramatically alter PR function. In addition to phosphorylation, PR modifications by acetylation, ubiquitination, sumoylation, and methylation have been reported to modify receptor function, co-factor interactions, and target gene promoter specificity [10] .
O-GlcNAc is a ubiquitous post-translational modification of a single N-acetylglucosamine sugar that cycles on and off serine or threonine residues in nuclear, cytoplasmic, and mitochondrial proteins. Two enzymes control O-GlcNAc cycling: O-GlcNAc transferase (OGT) adds the modification, while O-GlcNAcase (OGA) removes the modification [11] . O-GlcNAc is a regulator of protein function, specifically within transcription complexes [11] . O-GlcNAcylation of target proteins can alter protein stability, protein-protein interactions, and phosphorylation [12] . Data are mounting that implicate OGlcNAcylation and its regulators (OGT and OGA) in multiple tumor types, including the lung, colon, leukemia, prostate, endometrial, and ovarian cancers [13] . Key oncogenes and tumor suppressor genes, such as p53 and c-myc, are modified by O-GlcNAcylation, potentially contributing to their roles in oncogenesis [14, 15] . Of note, the role for O-GlcNAcylation in breast cancer remains an area of intense debate; however, increasing data from multiple groups suggest that OGlcNAcylation levels are high in primary and metastatic breast cancer, although these studies have primarily been conducted in breast cancer cell line models [16] [17] [18] [19] [20] [21] . Herein, we show that PR is O-GlcNAcylated, and this modification promotes the transcriptional activity of PR. These data argue that modifying/blocking PR O-GlcNAcylation could have significant impact on PR transcriptional activity in breast cancer.
Methods
Cell Lines and Constructs T47D-co, T47D-Y, T47D-YA, T47D-YB, and T47D-S79/ 81A PR cells have been previously described and were a generous gift of Dr. Carol Lange (Minnesota) [9, 22] . MCF7 cells were cultured in RPMI-1640 with 10% FBS, 1% Penn/Strep, 6 ng/ml insulin, and 1% non-essential amino acids.
Cells were treated with the following reagents (when applicable), as described in the figure legends: R5020 (10 nM; Sigma) and Thiamet-G (TMG; 10uM; S.D. Specialty Chemicals). RIME RIME experiments were performed as previously described [23] [24] [25] in R5020-treated (10 nM for 60 min) T47D-YB or T47D-Y cell lines that were cross-linked with 1% formaldehyde for 10 min. Immunoprecipitations were performed using a PR antibody (20μg, Santa Cruz Biotechnology, sc-7208). The peptide samples were analyzed on a Dionex Ultimate 3000 UHPLC system coupled with the LTQ Orbitrap velos mass spectrometer (Thermo Scientific). For the separation of the peptides, a multistep gradient elution was used: Mobile phase (A) was composed of 2% acetonitrile, 0.1% formic acid, and 5% DMSO, and mobile phase (B) was composed of 80% acetonitrile, 0.1% formic acid, and 5% DMSO. The gradient elution method at flow rate 300 nL/min was as follows: for 65 min gradient up to 45% (B), for 10 min gradient up to 95% (B), for 10 min isocratic 95% (B), for 5 min down to 5% (B), and for 10 min isocratic equilibration 5% (B) at 40°C. The full scan was performed in the Orbitrap in the range of 400-1600 m/z at 60 K resolution. The MS2 scan was performed with CID collision energy 30% and exclusion duration 30s. The raw data were processed in Proteome Discoverer 1.4 using the SequestHT search engine. The node for SequestHT included the following parameters: precursor mass tolerance 20 ppm, fragment mass tolerance 0.5 Da, dynamic modifications were oxidation of M (+ 15.995 Da), and deamidation of N, Q (+ 0.984 Da). Significant peptides were filtered at FDR < 1%, and specific interactors were considered if they were identified in both RIME replicate experiments in T47D-YB cells, but not in the PR-null cell line.
Breast Cancer Tissue Microarray
Tissue microarrays (TMAs) were constructed from archival formalin-fixed, paraffin-embedded samples of invasive mammary carcinoma (43 patients) as well as matched benign breast tissue (35 patients). These samples were identified from the pathology departmental archives of the University of Kansas Medical Center from 1997 to 2011. Based on review of the original pathology reports, the invasive mammary carcinomas were typed as invasive ductal carcinoma (39 patients), metaplastic carcinoma (1 patient), invasive mammary carcinoma with ductal and lobular features (1 patient), invasive ductal carcinoma with a minor lobular component (1 patient), and invasive lobular carcinoma (1 patient). Using the semiautomated TMArrayer (Pathology Devices, Inc., Westminster, MD), TMA paraffin blocks were assembled with 2.0 mm cores.
Immunohistochemistry
O-GlcNAc and OGT antibodies (see Immunoblotting) were used for Immunohistochemical staining according to the following procedure: Four micron paraffin sections are mounted on Fisherbrand Superfrost slides and baked for 60 min at 60°C then deparaffinized. Epitope retrieval was performed in Biocare Decloaking Chamber (pressure cooker), under pressure for 5 min, using pH 6.0 Citrate buffer followed by a 10-min cool down period. Endogenous peroxidase is blocked with 3% H 2 O 2 for 10 min followed by incubation with O-GlcNAc (1:300) or OGT (1:100) primary antibody for 30 min, followed by Envision+ Anti-Mouse, (Dako; Carpinteria, CA) for 30 min and DAB+ chromogen (Dako) for 5 min. Immunohistochemical staining was performed using the IntelliPATH FLX Automated Stainer at room temperature. A light hematoxylin counterstain was performed, following which the slides were dehydrated, cleared, and mounted using permanent mounting media. A pathologist then scored the slides according to the intensity of staining (0 = no staining, 1 = mild intensity, 2 = moderate intensity, 3 = strong intensity), percentage of positive cells, and the subcellular localization of the staining. Statistical analysis: the difference in O-GlcNAc staining intensities between cancer and normal specimens was assessed using Wilcoxon signed rank test. The Wilcoxon signed rank test compares the number of times a score from one group is ranked higher than a score from another group pairwise. The Wilcoxon rank sum test was used to assess the differences in the OGT intensities between two groups of subjects (PR-positive vs PRnegative tumors).
Co-immunoprecipitations
For Co-IP experiments, cell lysates were collected in radioimmunoprecipitation assay (RIPA) buffer (supplemented with protease/phosphatase inhibitors) and incubated on ice for 30 min. Cell lysates containing equivalent protein concentrations (1000 μg) were incubated overnight at 4°C with 2 μg appropriate antibody or control IgG. Protein G agarose (Roche Diagnostics, Indianapolis, IN) was added for the final 2 h of incubation time. Immune complexes were washed three times with supplemented RIPA buffer, resuspended in Laemmli sample buffer containing β-mercaptoethanol, boiled for 5 min, and subjected to Western blotting analysis.
Immunoblotting
Immunoblotting/Western blotting was performed as previously described [9, 22, 26] . Membranes were probed with primary antibodies recognizing total PR (Santa Cruz Biotechnology, sc-7208 or ThermoScientific, MS-298-P), OGT (a kind gift from Dr. Gerald Hart at the Johns Hopkins School of Medicine), and O-GlcNAc (Abcam, ab2739). All Western blotting experiments were performed in triplicate, and representative experiments are shown.
Real-Time qPCR
RNA isolation, cDNA creation, and qPCR were performed as previously described [9, 22, 26] , with modifications noted here and in the figure legends. qPCR was performed using the Faststart Essential DNA Green Master (Roche) on a Roche LightCycler96. Relative concentrations were quantified using the LightCycler96 (Roche, Software 1.1, Absolute Quantification Analysis), using a six-point standard curve.
Subcellular Fractionation
Subcellular fractionation studies were performed as described previously [27] , with modifications noted in the figure legend.
Statistics
Statistical significance for all qPCR experiments was determined using an unpaired Student's t test, unless otherwise specified. A p value ≤ 0.05 is considered statistically significant.
Results

PR Interacts with OGT
Our lab has a long-standing interest in defining PR proteinprotein interaction complexes and defining how these protein interactions alter PR transcriptional activity in breast cancer. We used Rapid Immunoprecipitation Mass spectrometry of Endogenous proteins or RIME, a technique developed by the Carroll lab [23] [24] [25] , as an unbiased approach to identify novel PR protein-protein interactions. This technique allows for the identification of protein interactors (using mass spectrometry) of nuclear proteins, making this technique ideal for studying protein interactions of transcriptional co-factors and chromatin-associated proteins. A brief note about our most frequently used model system: PR is an important target gene of ER and, as such, PR expression is regulated by estrogen in most tissues [28, 29] . In order to differentiate between the effects of ER/estrogen and PR/progesterone, our laboratory uses PR-positive (T47D-co) and PR-null (T47D-Y) variants of the ER/PR+ breast cancer cell line, T47D [30] . T47D-co cells endogenously express both isoforms of PR, PR-A and PR-B, without the need for exogenously added estrogen, allowing us to study the function of PR without the confounding effects of estrogen. T47D-Y (PR-null) cells can also be used to reintroduce single isoform variants of PR, such as PR-A (T47D-YA cells) and PR-B (T47D-YB cells). We have published extensively using these cell line models to define isoform-and phosphorylation-specific PR gene regulation and protein-protein interactions [4, 9, 22, 26, 31, 32] , and this cell line model remains a powerful and well-established system for studying PR activity [3] . We used T47D-YB (stably expressing the full length PR-B isoform) and PR-null (T47D-Y) cells as a model system to study PR protein interactions using RIME. Briefly, T47D-YB and T47D-Y cells were crosslinked following treatment with a synthetic PR ligand (R5020) or vehicle (EtOH). PR was immunoprecipitated (IP'd) using a PR antibody from isolated nuclear lysates, and PR-interacting proteins were analyzed using mass spectrometry. Among the top 60 identified PR-interacting proteins was OGT, the enzyme that catalyzes the addition of O-GlcNAc to target proteins (Fig. 1a) ; peptide sequence coverage information for both PR and OGT is shown in Fig. 1b . We verified the interaction between PR and OGT in T47D-YB (Fig. 1c) using co-immunoprecipitation (co-IP); PR could be detected in a complex with IP'd OGT in vehicle and ligand (R5020)-treated cells. Both PR-A and PR-B can interact with OGT, as both isoforms were detected in OGT immunoprecipitates from T47D-co cells (endogenously expressing both PR isoforms; Supplementary Fig. 1 ).
PR Is Modified by O-GlcNAc
The interaction between PR and OGT suggested that PR may be modified by O-GlcNAc. Using an antibody that recognizes the O-GlcNAc modification, we detected O-GlcNAcylation on PR immunoprecipitated from T47D-co cells, both basally (ligand-independent) and in response to PR ligand (Fig. 2a) . In order to detect O-GlcNAcylation, cells were pre-treated with Thiamet-G (TMG), a commonly used competitive inhibitor of OGA, which leads to decreased O-GlcNAc cycling (reduced turnover of the modification), thus allowing for an increase in detectable O-GlcNAcylated proteins [27, [33] [34] [35] . O-GlcNAcylated PR was undetectable in the non-TMGtreated cells, indicating that this modification is cycled on and off rapidly under normal conditions. Although the OGlcNAcylated PR-A band is faint (and situated just above a non-specific band), it appears that both PR-B and PR-A are modified by O-GlcNAc. To further characterize PR OGlcNAcylation, we measured levels of O-GlcNAc in TMGtreated T47D cells stably expressing only PR-B, PR-A, a phospho-mutant version of PR that we have previously characterized (S79/81A), parental T47D-co (expresses both PR isoforms), and PR-null (T47D-Y) cells serve as the negative control (Fig. 2b) . As previously seen in Fig. 2a , we observed O-GlcNAcylation on both PR-B and PR-A (faint) isoforms. Phosphorylation and O-GlcNAcylation can often compete for the same target serines/threonine residues. As the S79/81A PR phospho-mutant remains O-GlcNAcylated, these sites do not appear to be critical for blocking/promoting PR OGlcNAcylation. Finally, these data were repeated in two additional PR positive breast cancer cell lines: MCF7 (Fig. 2c ) and BT474 (data not shown) cells. In both cell lines, PR-B and PR-A were modified by O-GlcNAc. Cumulatively, these data show that PR is post-translationally modified by O-GlcNAc.
PR Levels Are Lowered by O-GlcNAc
To determine how persistently elevated O-GlcNAc levels affect PR function, we treated cells with TMG (or vehicle control) for 3 weeks, thus stably elevating O-GlcNAc levels. Posttranslational modifications on PR have been linked with differences in PR nucleo-cytoplasmic shuttling [4] . We assayed how O-GlcNAcylation on PR affected its transit into the nucleus in cells treated with TMG. Under normal conditions in response to progestins, PR translocates to the nucleus to bind DNA and activate target genes. We observed PR nuclear translocation in both vehicle and TMG-treated cells; however, there was less nuclear PR overall in the TMG-treated cells ( Fig. 3a; left portion of the gel). Similarly, there was less PR in the cytoplasmic fraction of TMG-treated cells (middle portion). These data reflected what was seen in the whole cell lysates (right portion): cells treated with TMG had less total PR, and this was observed throughout the cell and not just in one particular compartment. qPCR revealed that PR messenger RNA (mRNA) was similarly decreased in TMG-treated cells, suggesting that the downregulation of PR occurs at the transcriptional/mRNA level (Fig. 3b) . Together, these data suggest that high levels of O-GlcNAc lead to downregulation of PR.
O-GlcNAcylated PR Has Altered Transcriptional Activity
To determine how elevated O-GlcNAc affects the transcription factor activity of PR, we measured transcription of key PR-target genes in TMG-treated cells. Interestingly, and surprisingly given that PR protein levels were lower in TMGtreated cells, we saw that the transcriptional response following treatment with PR ligand (R5020) was potentiated in cells treated with TMG, as compared to the vehicle control (Fig. 4-top) . These data suggest that O-GlcNAcylation on PR makes it a more potent transcription factor at activating gene expression in response to ligand. Moreover, these data indicate that although there is less PR protein under conditions where O-GlcNAc is high (see Fig. 3 ), the remaining PR is more active (as measured by transcriptional activation of PR-target genes). These data were replicated in another PR positive breast cancer cell line, BT474: PR RNA levels were decreased in TMG-treated cells; however, the remaining PR was more transcriptionally active on PR target genes (data not shown). Of note, our lab recently described the PR-dependent transcriptional repression of a subset of genes called interferon-stimulated genes (ISGs) [26] . In addition to ligand-dependent transcriptional repression, ISGs are also regulated by PR in the absence of ligand; in cells where PR levels have been knocked-down, basal levels of ISGs are high when compared to cells expressing PR. Interestingly, we observed the same phenotype of high basal ISG expression in TMGtreated cells, another condition where PR levels are reduced; levels of OAS1 and IFIT3 are shown as representative examples (Fig. 4-bottom) .
O-GlcNAc Levels Are Elevated in Breast Cancer
Previous studies looking at levels of O-GlcNAc in breast cancer have primarily been conducted in human breast tumor cell lines. To determine if O-GlcNAcylation levels are increased in breast cancer patient samples compared to matched benign tissue, we created a breast tissue microarray (TMA) composed of specimens collected from 43 breast cancer patients seen at the University of Kansas Medical Center; 22 of the breast cancers were PR-positive. De-identified clinical characteristics, including PR-positivity, are presented in Supplemental Table 1 . Additionally, benign breast tissue was collected from 35 of these patients, thereby representing matched benign and tumor tissue obtained from the same patient. These 35 paired samples are a powerful tool to measure how protein expression changes in tumor tissues as compared to the matched benign controls, within the same patient. We stained this breast TMA with antibodies to recognize O-GlcNAc, and staining intensities were scored by a clinical pathologist. Interestingly, and in agreement with what has previously been reported in breast cancer cell lines [20] , the average O-GlcNAc intensity staining levels were significantly higher in the cancer samples when compared to their matched benign controls (n = 35; p = 0.007); select examples are shown in Fig. 5a . There was no correlation between O-GlcNAc staining intensity and PR-positivity, perhaps due to the small number of PR-positive samples. When representing the staining intensity data as changes within each individual patient, when OGlcNAc levels change between benign and cancer, significantly more patients show an increase in O-GlcNAc staining (blue bars) intensity in the cancer tissue (Fig. 5b) . These data show that O-GlcNAc levels increase in breast cancer.
OGT Levels in Breast Cancer Correlate with PR Expression
Given the interaction between PR and OGT, we used the breast TMA to determine if a correlation existed between PR and OGT expression in breast cancer patients. As above, the breast cancer TMA was stained with OGT and staining intensity was scored by a clinical pathologist. Interestingly, PRpositive breast cancers (22 out of 43 total breast cancers on the TMA) had significantly higher staining intensity when compared to PR-negative breast cancers (p = 0.02) for OGT cytoplasmic staining; OGT nuclear staining also trended towards significance as higher in PR-positive tumors (p = 0.08). Select images of PR-positive and PR-negative tumors with Fig. 1 PR interacts with OGT. a STRING network of the top 60 PR interactors identified in RIME experiments. The size of the node increases proportionally to the number of identified peptides, and thick edges denote high confidence STRING interactions (0.7-0.99). RIME was performed in T47D-YB cells on two biological replicates, and proteins identified in PR-null cells were not included in the PR-specific interactor list. b Sequence coverage of PR and OGT in both replicate RIME experiments. Green highlights high confidence peptides at FDR < 1%. PR and OGT have been identified by 27 and 12 unique peptides, respectively. c OGT was immunoprecipitated from T47D-YB cell lysates (+/− R5020), and the resulting associated protein complexes were analyzed by Western blotting. Right panels represent total input cell lysates (color figure online) correlating OGT staining are shown in Fig. 6 . These data indicate that there is a correlation between PR positivity and OGT expression in breast cancer.
Discussion
Herein, we present data that O-GlcNAc levels are high in breast cancer and that PR-positive patients have significantly higher levels of OGT expression, the enzyme that catalyzes the addition of O-GlcNAc to target proteins. We show an interaction between PR and OGT and show that this interaction leads to O-GlcNAcylation on PR. Under conditions where OGlcNAc levels are high and PR is O-GlcNAcylated, there is a reduced amount of PR; however, this remaining fraction of PR is more transcriptionally active, as key PR-target genes are more potently activated when PR is O-GlcNAcylated. Cumulatively, these data suggest that high O-GlcNAc levels seen in breast cancer may drive/alter PR transcriptional programs in breast cancer.
Our breast cancer TMA data showed a positive correlation between PR-positivity and OGT expression. As OGT is required to add O-GlcNAc to target proteins, these data imply that PR-positive breast cancers are not only positive for PR, but that a population of that PR is very likely OGlcNAcylated. Site mapping of the O-GlcNAc site(s) on PR is underway and will allow for the creation of an O-GlcNAc-PR-specific antibody to further test this correlation. Moreover, the PR-target gene data presented herein suggest that OGlcNAcylated PR is more transcriptionally active, promoting Fig. 3 PR levels are lower in TMG-treated cells. a T47D-co cells were continually passed in the presence of TMG (or vehicle) for 3 weeks, followed by R5020 or vehicle (EtOH) for 1 h. Nuclear, cytoplasmic, and whole cell lysates were separated and blotted with antibodies to PR and tubulin (cytoplasmic marker and loading control). b Cells were treated with TMG as in a, and RNA was isolated after 3 weeks of TMG treatment. Isolated RNA was analyzed for PR. Gene values were normalized to an internal control (β-actin). Error bars represent standard deviation between biological triplicates. Asterisks represent statistical significance between the vehicle and TMG-treated groups; p < 0.05, as determined using an unpaired Student's t test. The experiments shown here were performed in triplicate, and a representative experiment is shown here Fig. 4 PR-target genes are differentially regulated by O-GlcNAcylated PR. Starved T47D-co cells were continually passed in the presence of TMG (or vehicle) for 3 weeks, followed by R5020 or vehicle (EtOH) for 6 h. Isolated RNA was analyzed for select genes. Gene values were normalized to an internal control (β-actin). Error bars represent standard deviation between biological triplicates. Asterisks represent statistical significance; p < 0.05, as determined using an unpaired Student's t test. This experiment was performed in triplicate, and a representative experiment is shown here transcription of classic PR-target genes. Interestingly, a family of PR-target genes whose basal levels are increased under conditions where PR O-GlcNAcylation is high belong to a family of genes involved in interferon signaling, called interferon-stimulated genes (ISGs). We have recently described PR-dependent transcriptional repression of ISGs [26] . Of note clinically, high expression of these ISGs has been correlated with resistance to chemotherapy and radiation therapy in breast cancer patients [36, 37] . These data presented herein, where ISG levels are basally higher in conditions where PR is O-GlcNAcylated, could translate to negative therapeutic responses in breast cancer patients. Cumulatively, these data suggest that modulation of PR transcriptional activity by O-GlcNAc underscore the importance of understanding how this post-translational modification on PR may alter PR action in breast tumorigenesis. The Wilcoxon rank sum test was used to compare OGT levels in PRpositive vs PR-negative breast cancer, as described in the BMethodsŝ ection O-GlcNAcylation has been shown on many different transcription factors (reviewed in [11, 38] ). Most notably, and related to the O-GlcNAcylation of PR, is the reported modification of murine ER by O-GlcNAc [39, 40] . Further work showed that elevated O-GlcNAcylation lead to decreased RNA and protein levels of ER, due to a transcriptional repression mechanism possibly involving lack of function of key transcription factors (i.e., Sp1) needed to activate transcription of the ESR1 gene [41] . These data presented herein suggest a similar phenotype for O-GlcNAcylated PR, as we observe less PR RNA and protein levels under conditions where PR is OGlcNAcylated. Experiments are currently underway to determine the mechanism through which PR mRNA is downregulated when O-GlcNAc levels are high. Finally, our data are in agreement with previous published reports of lower levels of PR in conditions where O-GlcNAc levels were high [42] . However, the work presented herein is the first reporting of direct modification of PR by O-GlcNAcylation. OGlcNAcylation of other nuclear receptors known to be highly expressed in ER/PR-positive tumors, such as glucocorticoid receptor and androgen receptor, has not been published.
Interestingly, although there is less PR under conditions where O-GlcNAc levels are high, the remaining PR is more transcriptionally active on PR-target genes. This somewhat paradoxical situation suggests a complex regulation between PR RNA/protein levels and PR presence/recruitment to PR-target genes. Similar phenotypes have been observed with phosphorylated PR; PR target-gene programs linked to phosphorylation on PR Ser294 are active in human breast tumors that have been clinically designated as PR-null or PR-low [43] . These data suggest that a small minority of highly active PRs are driving phospho-PR-dependent transcriptional programs in these breast cancers. Moreover, phosphorylation on PR is linked to increased protein turnover of PR (reviewed in [44] ). These same phenotypes (less protein, but more activity) may be true for OGlcNAcylated PR, as both post-translational modifications may be regulating PR activity in a similar fashion. We find this result, less PR protein with more activity, very intriguing, and certainly warrants further investigation. The creation of a PR OGlcNAc-specific antibody will aid in these studies.
In summary, our results show that O-GlcNAcylation is upregulated in breast cancer patients. The positive correlation between PR and OGT levels in PR-positive breast cancers creates a scenario where PR may be more heavily OGlcNAcylated, and thus more transcriptionally active, in breast cancer. These data suggest that targeting PR OGlcNAcylation may be a novel mechanism for altering PR action in breast tumors.
